Abstract. Intervertebral disc degeneration (IDD) is a multifactorial disease with few efficacious clinical drugs, which has been demonstrated to be associated with nucleus pulposus (NP) cells apoptosis and degeneration of the extracellular matrix (ECM). Interleukin (IL)-1β, a common proinflammatory cytokine, is considered to be one of key regulators in IDD development. Andrographolide (AG), extracted from Andrographis paniculata, has been suggested to possess marked anti-inflammatory properties. However, the effects of AG on IDD has not been well explored. The present study aimed to investigate the effects and the mechanisms of AG on IDD in human NP cells. NP cells were treated with IL-1β in the absence or presence of AG to investigate the effects on cell viability, cellular apoptosis, production of ECM and matrix metalloproteinase (MMP)-3, MMP-9 and MMP-13, and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 and ADAMTS-5. It was identified that IL-1β-induced NP cellular apoptosis was significantly inhibited by AG treatment. Furthermore, AG mitigated the IL-1β-induced degeneration of the ECM, which was paralleled by a decrease in MMPs and ADAMTS levels. In addition, AG exhibited marked inhibitory properties against the activation of Toll-like receptors (TLRs), Myeloid differentiation factor 88 (MyD88) and the nuclear translocation of Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB).
Introduction
Intervertebral disc degeneration (IDD) is considered to be closely associated with low back pain-associated diseases, including lumbar disc herniation, lumbar spinal stenosis, and degenerative lumbar spondylolisthesis (1, 2) . Low back pain is one of the common symptoms of IDD, which is a leading cause of disability with a high economic burden worldwide (3) . Stimulation of the inflammatory response, mechanical stress and biochemical effectors have been implicated as active components in a number of events and processes associated with IDD (4, 5) . However, the specific pathological mechanisms and effective treatment methods remain unknown (6) .
Intervertebral discs are composed of the nucleus pulposus (NP), annulus fibrosus and cartilaginous endplates. NP cells have been proposed to serve a crucial role in the physiological function of intervertebral discs via maintaining homeostasis among various components of the extracellular matrix (ECM) (7) . When the homeostasis of the catabolic and anabolic activities within the ECM, which include collagen I, collagen II and proteoglycans, are disrupted, IDD may occur (8, 9) . The process of ECM breakdown is caused and promoted by matrix metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) (10, 11) . Among these molecules, MMP-3, MMP-9, MMP-13, and ADAMTS-4 and ADAMTS-5 are specific typical representatives of degradative matrix components, which have been identified to be highly expressed in IDD tissues and are involved in normal cell turnover and pathological degradation of the major structural components of intervertebral discs (12, 13) . The activities of MMPs may be controlled by tissue inhibitors of metalloproteinases (TIMPs), which also participate in the maintenance of ECM homeostasis. Among TIMPs, TIMP-1 is closely associated with MMP-3 and MMP-13, and downregulates their activities (14) .
Maintaining the stability of viable NP cell numbers is also considered to serve a pivotal role in maintaining the normal function of the NP. Apoptosis, or type I programmed cell death, is an important part of normal cell growth cycle. However, excessive NP cell apoptosis, induced by various pathogenic factors, often causes a decrease in the number of viable cells in the NP, which is associated with IDD (15) . Interleukin (IL)-1β, a key proinflammatory cytokine, is an important mediator that causes uncontrolled NP cells apoptosis and degeneration of the ECM (16) . As a result, suppression of IL-1β-mediated apoptosis and degeneration of the ECM may be a potential strategy to alleviate IDD development.
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway serves as a crucial mediator of inflammatory responses and induces the expression of various pro-inflammatory genes, including those encoding cytokines and chemokines (17) . In addition, the NF-κB pathway becomes active when responding to a number of different types of stimuli, including oxidative, mechanical, genotoxic and chemical factors, which finally results in the nuclear accumulation of NF-κB transcription factors, consequently affecting the expression of target genes (18) . Previous studies have suggested that the NF-κB pathway may markedly increase the production of specific MMPs and ADAMTS to compromise the normal ECM by degrading it in animal NP cells (19) . Similar to the NF-κB pathway, the toll-like receptor (TLR)-4/myeloid differentiation primary response protein MyD88 (MyD88)/NF-κB signaling pathway was identified to be critical in molecular modulation, and has also been demonstrated to be involved in the inflammatory response (20) (21) (22) (23) (24) .
Andrographolide (AG), a type of diterpenoid extracted from Andrographis paniculata, has been used for patients suffering from infectious diseases of different etiologies (25) . It has been well documented that AG possesses potent anti-inflammatory capabilities in conditions associated with inflammation, including certain bacterial or viral infections, tumors and other chronic diseases (24, (26) (27) (28) . It has been reported that AG is a potential therapeutic agent for IL-1β-induced cartilage degeneration and the production of inflammatory factors involved in the pathogenesis of osteoarthritis (29) . Additionally, the study of tumor and immune-associated diseases also revealed that the therapeutic effects of AG are closely associated with the TLR4/MyD88/NF-κB signaling pathway (20, 24) . In addition, it has been well established that abnormal apoptosis may be modulated by AG treatment in certain pathological states (30, 31) . All of these data indicate that AG may be a therapeutic agent for treating and preventing inflammatory diseases; however, the effects in IDD have not been well explored.
Therefore, on the basis of these data, we hypothesized that AG may have protective properties against the degeneration of NP cells via inhibiting the TLR4/MyD88/NF-κB signaling pathway. In the present study, human NP cells were used to mimic the model of IDD in vitro, and the anti-inflammatory effect and underlying mechanism of AG on the IL-1β-induced degeneration of NP cells was investigated. NP cell isolation and culture. All the tissues from human discs were collected as surgical waste from patients undergoing spinal surgical procedures (Fig. 1A) . Young patients diagnosed with lumbar disc herniation were considered ideal candidates. In addition, mild or absent degeneration of the lumbar intervertebral discs in MRI were required. The present study was approved by the Ethics Committee of the Second Affiliated Hospital and Yuying Children's Hospital of Wenzhou Medical University (Wenzhou, China), and informed consent for the collection of tissues was acquired from patients or relatives. The Pfirrmann grading system was used to evaluate the degenerative conditions of the discs (32) . Subsequent to collection of the NP tissues, the NP cells were isolated using 0.25% trypsin and 0.2% type II collagenase for ~3 h at 37℃ and used within the first 3 passages. Then, the NP cells were cultured in DMEM supplemented with 10% FBS and antibiotics (1% penicillin/streptomycin) at 37˚C in a humidified atmosphere of 5% CO 2 . During passage, no significant changes in the morphology of cells was identified between the primary cells (passage 0) and later passage cells (passage 2).
Materials and methods

Reagents
Cell viability assays. The viability of the NP cells was assessed by the Cell Counting kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan). For this assay, the cells were seeded at a density of 5,000 cells/well in 96-well plates with 6 replicate wells. DMEM was used to dilute the CCK-8 reagent 10-fold (10:100 µl) prior to addition to each well. Following incubation at 37˚C for 3 h, the absorbance of each well was then measured at 450 nm by a microplate reader. The optical density at 450 nm is proportional to the degree of cell viability.
RNA isolation and reverse transcription quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted by a TRIzol ® reagent (Thermo Fisher Scientific, Inc.) according to manufacturer's protocol. RNA was reverse transcribed into cDNA using a PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd., Dalian, China), and RT-qPCR was conducted using SYBR Green Supermix (QPK-212; Toyobo Life Science, Osaka, Japan) and a Light Cycler480 system (Roche Diagnostics GmbH, Mannheim, Germany). The reverse transcription reaction was conducted under the following conditions: 37˚C for 15 min and 85˚C for 5 sec, then held at 4˚C. To amplify genomic DNA, qPCR was performed under the following conditions: 95˚C for 5 min, followed by 40 cycles of 95˚C for 10 sec, 60˚C for 10 sec, and 72˚C for 10 sec. The cycle threshold (Cq) values were collected and normalized to the level of the housekeeping gene GAPDH. The relative expression levels were analyzed using the 2 Western blot analysis. The western blot analysis protocol was performed as described previously (34) . Briefly, NP cells were homogenized in ice-cold lysis buffer containing 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 10 mM Na 2 P 2 O 7 , 10 mM NaF, 1 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mM sodium vanadate and 1 mM PMSF. The cells homogenates were incubated for 15 min at 4˚C and centrifuged at 11,792 x g for 15 min at 4˚C. The protein concentration of each sample was determined using the Bicinchoninic Acid method. The total protein (60 µg) was loaded onto SDS-PAGE (8-10%) and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Inc.). Then, the 5% non-fat milk dissolved in TBS was used to block the PVDF membranes for 2 h at room temperature and the membranes were incubated overnight at 4˚C with the aforementioned primary antibodies. Following washing with TBS 3 times for 5 min, the PVDF membranes were incubated at room temperature with horseradish peroxidase-conjugated secondary antibodies to detect the primary antibodies. Signals were visualized using the ChemiDoc TM XRS + Imaging System (Bio-Rad Laboratories, Inc.,). Densitometric Immunofluorescence. The NP cells grown on 14x14 mm microscopic glass were washed with ice-cold PBS and fixed with ice-cold 4% paraformaldehyde for 30 min at 4˚C. Following washing with ice-cold PBS, the cells were blocked in 5% bovine serum albumin (Sigma-Aldrich; Merck KGaA) at room temperature for 1 h. Then, the NP cells were incubated with primary antibodies (against collagen-II, 1:200; aggrecan, 1:200; and p65, 1:100) at 4˚C overnight. Following washing with PBS, the cells were incubated with Alexa Fluor 488-conjugated anti-IgG or Texas red-conjugated anti-IgG secondary antibodies for 1 h at 37˚C to detect the primary antibodies. The nuclei of cells were stained at room temperature with DAPI (10 µg/ml) for 5 min and finally washed in PBS and sealed with a coverslip. All images were captured on a Nikon ECLIPSE Ti-U fluorescence microscope (Nikon Corporation, Tokyo, Japan; magnification, x400).
Statistical analysis. The experiments were repeated at least 3 times. The results were analyzed using SPSS software, version 22.0 (IBM Corp., Armonk, NY, USA) and presented as the mean ± standard error of the mean from 3 independent experiments. Statistical significance was examined using one-way analysis of variance and Dunnett's post-hoc test. P<0.05 was considered to indicate a statistically significant difference. (Fig. 1C) . The viability of the NP cells following treatment with IL-1β combined with various concentrations of AG (0-40 µM) was also measured by the CCK-8 assay. The results indicated that AG mitigated the cytotoxic effects of IL-1β treatment in a dose-dependent manner, and the concentration of AG that exhibited the most marked effect was 20 µM (Fig. 1D) . Therefore, these results indicated that AG had no cytotoxic effects, but did exhibit protective effects on NP cells at concentrations of 20 µM in the assay prior to IL-1β treatment. Therefore, 20 µM AG was used in the subsequent experiments.
Results
Effects of AG on the viability of NP cells with or without
AG attenuates IL-1β induced apoptosis of NP cells.
Subsequently, the effect of AG on IL-1β-induced apoptosis of NP cells was examined by investigating the changes in apoptosis-associated enzymes, including caspase-3, Bax and Bcl-2. As indicated in Fig. 2 , the results suggested that the level of caspase-3 and the Bax/Bcl2 ratio were increased significantly following IL-1β stimulation compared with the control group. Conversely, AG markedly inhibited IL-1β-induced expression of caspase-3 and Bax. These results demonstrated that AG attenuated IL-1β-induced apoptosis of NP cells.
AG suppresses IL-1β induced MMPs and ADAMTS expression in NP cells.
Then, the effect of AG on MMPs (MMP3, MMP-9, MMP-13) and ADAMTS (ADAMTS-4 and ADAMTS-5) expression in NP cells was measured and analyzed by RT-qPCR. As demonstrated in Fig. 3 , a marked upregulation of the mRNA expression of these MMPs and ADAMTS following IL-1β stimulation compared with the control group was observed, which was consistent with the previously mentioned association between these catabolic enzymes and NP cell ECM. However, following treatment with AG, there was a marked inhibition of the effect of IL-1β on these enzymes, as demonstrated by RT-qPCR. Additionally, as the endogenous inhibitors of MMPs, the opposite result was observed for TIMP-1 levels compared with MMPs. These results indicated that AG may suppress the expression levels of the catabolic enzymes.
AG mitigates IL-1β-induced NP cells ECM degradation.
To investigate the function of AG on IL-1β-induced ECM (aggrecan and collagen-II) degradation in NP cells, immunofluorescence staining and western blot analysis were used. As presented in Fig. 4A and B, immunofluorescence staining revealed that IL-1β stimulation resulted in a significant downregulation of aggrecan and collagen-II at the mRNA and protein levels. Conversely, this downregulation was markedly attenuated by AG. Fig. 4C -E demonstrate the results of the western blot analysis, which were consistent with the results of the immunofluorescence assay. These results suggested that AG was likely to serve a role in protecting intervertebral discs by attenuating ECM degeneration in NP cells.
AG protects against NP cell degradation via the TLR4/MyD88/NF-κB signaling pathway.
In order to additionally examine the protective mechanism of AG in NP cell degeneration, immunofluorescent staining and western blot analysis were used to detect the effect of AG on IL-1β-induced TLR4/MyD88/NF-κB activation. As demonstrated in Fig. 5A -D, the levels of TLR-4 and MyD88, and the phosphorylation of p65 were significantly upregulated following stimulation with IL-1β. By contrast, AG inhibited the effect on IL-1β-induced activation of the TLR4/MyD88/NF-κB signaling pathway. In addition, the immunofluorescence results suggested that p65 was primarily distributed in the cytoplasm of unstimulated NP cells and exhibited marked localization in the nucleus upon IL-1β stimulation; however, AG significantly inhibited this translocation induced by IL-1β (Fig. 5E) . These results suggest that AG has the potential to suppress the expression of TLR-4 and MyD88, and inhibit NF-κB activation in NP cells. The therapeutic effects of AG may be exerted via the TLR4/MyD88/NF-κB signaling pathway.
Discussion
At present, the primary clinical therapy for low back pain-associated disease is symptomatic, or surgical treatment to relieve symptoms, and there is no efficacious medication to mitigate the degenerative progress of the discs. A number of studies have verified the presence of lumbar IDD as an important factor for the promotion of the onset and important component of A. paniculata, has been confirmed to exhibit potential anti-inflammatory and protective effects in infections, tumors and other diseases (24, 26) . In addition, it has been also suggested that AG possesses therapeutic properties in IL-1β-induced osteoarthritis (29) , and has the ability to attenuate abnormal apoptosis under pathological conditions (30, 31) . In the present study, the primary results indicated that AG treatment effectively mitigated the IL-1β-induced inflammatory and apoptosis effects on the degeneration of human NP cells. The primary mechanism of function is the suppression of the expression of certain MMPs and ADAMTS, and attenuation of the degradation of aggrecan and collagen-II. Additionally, the inflammatory cytokine-mediated changes in apoptosis-associated proteins were modulated by AG. The present study also indicated that the molecular mechanisms of AG treatment may be partly associated with the TLR4/MyD88/NF-κB signaling pathway.
It has been established that IDD is primarily associated with the inflammatory response (35) , and inflammatory cytokines have been suggested to have a vital role in the pathological processes of osteoarthritis and IDD. It has been well documented that the expression of inflammatory mediators in degraded tissue is increased compared with normal tissues (36, 37) . IL-1β is a key inflammatory cytokine, which may significantly induce the occurrence of IDD (38) . Concomitantly, NP cell degradation may also be mitigated by the inhibition of IL-1β (39) . Therefore, in the present study, the pathophysiology of IDD was mimicked by stimulation with IL-1β.
Apoptosis, also termed type I programmed cell death, is involved in a number of physiological processes. However, uncontrolled apoptosis may be detrimental and serve a causative factor in certain diseases, including IDD (15) . Abnormal mechanical stress, oxidative stress, cytokines and nitric oxide may all induce apoptosis of intervertebral disc cells, in particular NP cells (40, 41) . Adequate, viable NP cells form the physiological basis of intervertebral discs; conversely, the excessive apoptosis of NP cells will lead to the development of IDD (16) . The data from the present study suggested that IL-1β accelerated the apoptosis of NP cells, but this effect was significantly inhibited by AG, which indicated that AG may mitigate IL-1β-induced NP cell degeneration by ameliorating the increased levels of apoptosis.
The normal physiological function of intervertebral discs is also considered to depend on the homeostasis between ECM catabolic and anabolic activities, and disturbance of this balance will result in the occurrence of degeneration (8) . The ECM of NP cells is primarily composed of aggrecan and collagen-II, and it performs essential functions in intervertebral discs, including absorption of nutrition, maintenance of disc height and withstanding mechanical load (8, 42) . In the present study, following treatment with IL-1β, the levels of aggrecan and collagen-II decreased significantly; this decrease was suppressed by AG. From a molecular perspective, the MMPs and ADAMTS families are two major groups of catabolic enzymes involved in ECM regulation. MMPs have been demonstrated as vital proteases in the progression of the irreversible breakdown of collagen-II and proteoglycans, with a high expression in degenerative disc tissues. It was also suggested that ADAMTS-4 and ADAMTS-5 are 2 primary proteolytic enzymes responsible for the cleavage of aggrecan. Furthermore, certain studies provided evidence that inhibiting the expression and activity of MMPs and ADAMTS may prevent the progression of IDD (43) . For example, Zhongyi et al (19) identified that IL-1β-dependent gene upregulation of MMP-3, MMP-9, MMP-13, ADAMTS-4 and ADAMTS-5 was significantly decreased by NF-κB inhibition. Therefore, the inhibition of MMPs and ADAMTS may be considered potential therapeutic targets for treating IDD. In addition, TIMPs, the endogenous inhibitors of MMPs, also participate in the maintenance of ECM homeostasis. Among TIMPs, TIMP-1 is closely associated with MMP-3 and MMP-13, and downregulates their activities (14) . Therefore, TIMP-1 is also considered to have an inhibitory effect on IDD. In the present study, it was identified that IL-1β upregulated the expression of MMP-3, MMP-9, MMP-13, ADAMTS-4, and ADAMTS-5; concomitantly, TIMP-1 exhibited a marked decrease. However, AG treatment significantly suppressed these IL-1β-induced changes in the ECM and metabolic enzymes in NP cells. These changes suggested that AG inhibited IL-1β-induced NP cells degeneration via decreasing the level of ECM degeneration and suppressing the expression these catabolic enzymes.
The NF-κB signaling pathway is known for its crucial regulation in a series of catabolic processes active in response to inflammation, stress, and cellular damage (17, 19) . For example, following stimulation with IL-1β, the inactive NF-κB combined with the inhibitory protein NF-κB inhibitor α may be activated and released, subsequently translocated from the cytoplasm into the nucleus, and finally activate the transcription of its target genes, including MMPs (44) . It has been demonstrated that the activation of the NF-κB signaling pathway contributes to ECM degradation by increasing the activity of matrix-degrading enzymes in the NP cells (19) . Therefore, the targeted inhibition of NF-κB may be a critical therapeutic target for IDD. Additionally, The p65 binding site has also been identified to be in the promoter regions of several MMP genes (45) . Therefore, in the present study, it was determined whether the anti-inflammatory effects of AG against ECM degradation functioned through NF-κB signaling pathways by investigating the changes in p65 and nuclear translocation. Notably, the IL-1β-induced phosphorylation of p65 and nuclear translocation were significantly inhibited by AG. These results were consistent with Peng et al (46) , who identified that AG markedly decreased the p65 phosphorylation level following ovalbumin stimulation. The TLR4/MyD88 signaling pathway is also a pivotal pathway involved in inflammation response (20, 21) , which is considered to function in conjunction with NF-κB signaling pathway (22) (23) (24) . The TLRs are a family of receptor proteins used by the innate immune system in mammals; activation of TLRs is involved in the production of a number of proinflammatory cytokines. MyD88 is a signal adaptor molecule with roles in signaling via the TLRs, including TLR4 (47) . The activation of the TLR4/MyD88 pathway is considered as an activating factor for the NF-κB signaling pathway (23, 24) . The results of the present study demonstrated that the IL-1β-mediated upregulation of TLR4 and MyD88 was inhibited by AG treatment, which was consistent with the changes of p65 observed. Taken together, these data suggest that the inhibition of the IL-1β-induced inflammatory response by AG may be partly associated with TLR4/MyD88/NF-κB signaling pathway. It should be also noted that additional studies, which reconfirm this mechanism by using gene knockout mice, are expected to clarify this issue.
In conclusion, the data from the present study revealed that AG may alleviate IL-1β-induced human NP cells apoptosis. Furthermore, AG may also attenuate IL-1β-induced degeneration of the ECM, and the expression of MMPs and ADAMTS via inhibiting the TLR4/MyD88/NF-κB signaling pathway. Therefore, AG may be a potential agent for IDD prevention and treatment. However, the exact mechanism of AG-based regulation of inflammation in NP cells remains unclear, and additional studies are required.
